Abstract: Pork is the most commonly consumed meat in Vietnam, and Salmonella enterica is a common contaminant. This study aimed to assess potential S. enterica cross-contamination between raw and cooked pork in Vietnamese households. Different scenarios for cross-contamination were constructed based on a household survey of pork handling practices (416 households). Overall, 71% of people used the same knife and cutting board for both raw and cooked pork; however, all washed their hands and utensils between handling raw and cooked pork. The different scenarios were experimentally tested. First, S. enterica was inoculated on raw pork and surfaces (hands, knives and cutting boards); next, water used for washing and pork were sampled to identify the presence and concentration of S. enterica during different scenarios of food preparation. Bootstrapping techniques were applied to simulate transfer rates of S. enterica cross-contamination. No cross-contamination to cooked pork was observed in the scenario of using the same hands with new cutting boards and knives. The probability of re-contamination in the scenarios involving re-using the cutting board after washing was significantly higher compared to the scenarios which used a new cutting board. Stochastic simulation found a high risk of cross-contamination from raw to cooked pork when the same hands, knives and cutting boards were used for handling raw and cooked pork (78%); when the same cutting board but a different knife was used, cross-contamination was still high (67%). Cross-contamination between was not seen when different cutting boards and knives were used for cutting raw and cooked pork. This study provided an insight into cross-contamination of S. enterica, given common food handling practices in Vietnamese households and can be used for risk assessment of pork consumption.
Introduction
Foodborne diseases (FBD) are a major health problem and contribute to reduced economic productivity [1, 2] . The first global assessment found the health burden of FBD was comparable to that concentration was determined applying a plate count technique using Xylose Lysine Desoxycholate (XLD, Merck) agar for each cultured medium. Duplicate plates were made by spreading 0.1 mL of cultured BPW, diluted 10-fold with Maximum Recovery Diluent (MRD, Merck), on XLD plates and incubated at 37 • C for 20-24 h. After determining the Salmonella concentration, the culture was diluted to a concentration of 10 5 CFU/mL. Following this 5 mL of medium containing each incubated serovar of Salmonella with 10 5 CFU/mL were mixed, and 15 mL of the medium prepared. Then, MRD (90 mL) was added to 10 mL of the inoculated medium to achieve a concentration of 10 4 CFU/mL medium (100 mL), which was then used to inoculate the pork.
Pork Preparation
Fresh cut pork was purchased immediately after splitting and deboning at a slaughterhouse in the early morning and prior to carcass transportation to the market. The sirloin and/or shoulders (containing both lean and fat areas) were selected. To minimize Salmonella contamination, sterile knives and gloves were used to cut the pork and remove the outer surface of the selected part without removing all subcutaneous and intermuscular fat. Twelve pork pieces (six sirloin and six shoulder pieces) weighing between 500 ± 40 g (approximately 14 × 6 × 5 cm ± 2 cm), from two different carcasses were cut and placed into individual sterile plastic bags and sealed. The pork specimens were kept cool and transported to the laboratory within three hours of collection to perform the experiments. At the laboratory, each pork piece was weighed and prepared for Salmonella inoculation.
Inoculation of Pork
Based on the weight of each pork piece, Salmonella culture (concentration of 10 4 CFU/mL) was inoculated at a rate of 10 CFU/g of S. enterica. This concentration was based on a previous study measuring the Salmonella contamination range in marketed pork [27] . Approximately 500 ± 40 µL of the culture (1 µL for 1 g of the pork) was dispensed on the surface of the pork piece using a filter tip and pipette (Thermo Scientific, Madison, WI, USA). This covered the entire surface of the pork piece. The inoculated pork pieces were kept on a table at an ambient temperature (26) (27) (28) (29) (30) • C) for 30 min to allow cell attachment prior to starting the experiments as described by Ravishankar et al. [28] .
Pork and Equipment Washing
Pork was washed twice in a basin with Salmonella-free water using bare hands. Washed pork then was placed on a cutting board and cut into 2-3 smaller pieces (approximately 150 g per piece, which is the size of 5 × 6 × 5cm ± 2cm). Washing of hands, knives and cutting boards was done separately using Salmonella-free water, dish-washing detergent and a dish cloth. Following washing, equipment was air dried for 75 min and then used in subsequent experimental steps. The boiled pork pieces were sliced into pieces of two to four millimeters thick with the length and width measuring were approximate two and five centimeters, respectively, as would be done when preparing pork for serving.
Sampling
Both hands (surface, palms, fingers, webbing), 25 cm 2 of both sides of the knife and 25 cm 2 of the cutting board surface were swabbed using sterile pre-moistened gauze. The surface samples from hands, knives, and cutting boards were collected immediately after washing raw pork twice and just before slicing cooked pork. Pork wash-water samples (approximately 30-40 mL per sample) were aseptically collected after twice washing the raw pork. Both raw and cooked pork samples were collected using sterile scalpels and forceps. Raw pork was sampled prior to pork being placed into a pot of boiling water. Cooked pork was sampled directly after boiling. The cooked pork slice was sampled immediately after slicing.
Design of Cross-Contamination Studies
This study was designed to quantify the potential for transfer of S. enterica in home kitchens, from raw to cooked pork, via hands, knife (with a plastic handle and stainless-steel blade), and a wooden cutting board. The experimental design followed four main steps: (1) Raw pork was artificially inoculated with S. enterica; (2) The inoculated pork was then washed twice using Salmonella-free water (Lavie Ltd., Nestlé Water, DongNai, Vietnam); (3) It was then cut into smaller pieces and boiled in a pot with 2-2.5 L of water for 15 min; and (4) Following cooking, the pork was sliced. Four different preparation techniques (scenarios) were investigated based on cooking practice information obtained from the household survey (Figure 1 ). The Salmonella concentration in raw washed pork and occurrence of cross-contamination on hands, knives, and cutting boards was measured ( Table 1) . The contamination status and the level of Salmonella were also measured on the cooked pork. The experiment was carried out in triplicate in three groups, and repeated three times, equating to nine experimental trials for each scenario. 
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Cross-Contamination Scenarios
According to the household survey, all respondents typically washed pork, hands, knives and wooden cutting boards, but there were differences in whether separate knives and/or cutting boards were used for raw and cooked pork. Scenario 1, representing the most common practice reported in the household survey (see Section 3), examined the degree of cross-contamination when no separate knives and cutting boards were used. Scenarios 2-4 utilized different combinations of washing equipment and hands (Table 1 ). The details of scenario 1 are as follows: after the raw pork was washed and cut, the knife, cutting board and hands were washed in a basin with clean water at ambient temperature (26) (27) (28) (29) (30) • C) using dish-washing detergent (Sunlight, Unilever Co. Ltd., Ho Chi Minh, Vietnam) and a dish cloth (Suka, Luoisoi Co. Ltd., Ho Chi Minh, Vietnam) for approximately three minutes. All dish cloths used were autoclaved prior to the experiments. The washed knife and cutting board were then reused to slice the cooked pork by the same person. In scenario 2, after the washed raw pork was cut, hands were washed with clean water using dish-washing detergent and a dish cloth, and a new cutting board and new knife were used to slice cooked pork by the same person. In scenario 3, after washed raw pork was cut, the knife was washed in clean water using dish-washing detergent and a dish cloth, and hands were disinfected using both 70% ethanol (Con70, Tien Dung Co., Ltd., Ho Chi Minh, Vietnam) and instant hand sanitizer (Purell, Akron, OH, USA). Then a new cutting board and the washed knife were used to slice the cooked pork. In scenario 4, after the washed raw pork was cut, the cutting board was washed using clean water, dish detergent and a dish cloth, and hands were disinfected as described in scenario 3. Cooked pork was sliced on the washed cutting board using a new knife.
Microbiological Tests
Salmonella detection was carried out according to the ISO-6579: 2002 procedure [29] . In the pre-enrichment step, swabs or 10 mL of liquid samples were added up to 100 mL BPW for homogenization. Pork samples weighing 25 g were homogenized in 225 mL BPW. For Salmonella enumeration in pork samples, a 3 tube-Most Probable Number (MPN) method was used following ISO/TS-6579-2: 2012 [30] . In the pre-enrichment step of MPN, series of three tubes per dilution of 1-0.1-0.01 g and 10-1-0.1 g were prepared for the incubation of raw and cooked pork, respectively. Further steps of Salmonella detection and enumeration were previously described in Dang-Xuan [27] .
Data Analysis and Modeling
All data were digitized in Excel 2010 (Microsoft, Redmond, WA, USA) spreadsheets. Descriptive statistics were performed using Chi-squared test and Fisher's exact test to compare the proportions of samples contaminated with Salmonella using R version 3.3.2 (R Core team, Vienna, Austria, 2015).
To estimate the distributions of Salmonella concentration on pork slice in the scenarios, both non-parametric and parametric bootstrapping techniques were used. Bacterial concentration was measured as MPN/g (note that MPN/g and CFU/g hereafter is at the original bacterial count scale), and thus follows Log-Normal distribution with the mean MPN/g, and the standard deviation in log 10 scale (sd log10 ) determined as shown in Equation (1) [31, 32] : sd log10 = 0.55 log 10 α = 0.55 log 10 10 = 0.55 (1) where α is dilution ratio, ten. For the parametric bootstrapping in R, rlnorm(1, lnµ, sd ln ) function was used to sample a single value from Log-Normal distribution, where lnµ is the natural logarithm of the MPN, and sd ln is the standard deviation in the natural logarithm scale. sd ln was calculated using natural logarithm (ln) as Equation (2):
In each scenario, a distribution of an MPN result was randomly selected at equal probability of selection among the MPN results of Salmonella positive samples for the type of the sample of interest. A value was randomly sampled from the distribution selected. For the mean MPN/g less than 0.03, a value was randomly selected from non-informative uniform distribution between natural logarithm of 0.01 MPN/g (−4.60517) and 0.03 MPN/g (−3.50656), and exponential of the value was calculated. This process was iterated 5000 times using a for-loop function written in R to obtain the integrated distribution for each scenario. The median, 2.5th and 97.5th values of the stored 5000 samples were obtained, and Log-Normal distribution was fit to the simulated sample data using a maximum likelihood method in fitdist() function in the fitdistrplus package [33] to obtain the mean and standard deviation. For the presentation of the distributions, kernel density was calculated in density() function using the simulated sample data and plotted using R.
The reduction rate in Salmonella CFU/g was modelled by dividing the value (CFU/g) sampled as above by 10 CFU/g, which gave the initial Salmonella concentration inoculated on the raw pork. The calculation of reduction rate was iterated 5000 times to determine distributions. The distribution of reduction rate was presented using a histogram.
As there were two MPN values which gave a result of 11 MPN/g in scenario 1 and 4, exceeding the inoculation level, above simulations on CFU/g and reduction rate distributions were performed without these MPN values and with these two values named worst case scenarios.
Ethical Statement
The experiments and Salmonella analysis were carried out at the Department of Veterinary Hygiene of National Institute of Veterinary Research (Hanoi, Vietnam). All volunteers gave informed consent for their participation in the study. Ethical approval of this study (No. 148/2012/YTCC-HD3) was obtained from the ethical committee of the Hanoi University of Public Health. This research was a part of the PigRISK project and the Taskforce for Food Safety Risk Assessment in Vietnam, funded by ACIAR [26] .
Results

Household Survey
Most (87%) households reported that they washed their hands and equipment after handling raw pork with ambient temperature water, while the rest using hot water ( Table 2 ). The most common practice in both provinces was to use the same knife and cutting board, washed in between, for both raw and cooked pork (71.4%, 297/416). Use of separate knives and cutting boards for raw and cooked pork was less common (16.1%, 67/416). 
Effect of Washing Twice on the Prevalence and Salmonella Concentration in Raw Pork
After twice washing raw pork, Salmonella was isolated from all nine samples with no reduction in prevalence observed. Table 3 shows the Salmonella concentrations of the raw pork samples. The simulated CFU/g of Salmonella in raw pork after washing twice was 1.56 (median 0.44; 95% CI: 0.03-10.14, Figure 2 ). Figure 3 shows the Salmonella concentration reduction rate measured on washed raw pork. The mean reduction rate of raw pork by washing twice in water was 84.4% (median 95.6%; 95% CI: −1.8-99.7%). These results suggested that washing raw pork can reduce bacteria levels but cannot eliminate Salmonella from the surface. Table 4 shows the proportions of sliced cooked pork, equipment, and hands for which Salmonella was transferred from raw to cooked pork (cross-contamination). Although raw pork was washed twice, cross-contamination with Salmonella from pork to hands, knives and cutting boards was common (78%, 78%, and 100%, respectively). Eight out of nine wash water samples were positive for Salmonella. Table 4 shows the proportions of sliced cooked pork, equipment, and hands for which Salmonella was transferred from raw to cooked pork (cross-contamination). Although raw pork was washed twice, cross-contamination with Salmonella from pork to hands, knives and cutting boards was common (78%, 78%, and 100%, respectively). Eight out of nine wash water samples were positive for Salmonella. 1 Scenario 1-Washing hands, the knife and the cutting board, Scenario 3-Using a new cutting board, disinfecting hands, and washing the knife, Scenario 4-Using a new knife, disinfecting hands, and washing the cutting board.
Cross-Contamination of Equipment and Hands with Salmonella from Raw Pork
Re-Contamination of Cooked Pork Slices with Salmonella by Equipment and Hands
After cooking, Salmonella was not isolated from the nine pork samples. Salmonella was eliminated from pork by cooking, through re-contamination of boiled pork occurred in scenarios 1, 3, and 4 (Table 4) . In scenario 2, new equipment (knife and cutting board) was used and re-contamination did not occur. The probability of re-contamination was highest in scenario 1, which did not involve use of separate equipment or disinfection of hands (7/9, 77.8%). There was no significant difference in the proportion of re-contamination between the scenarios re-using the cutting board after washing (scenarios 1 and 4, p = 1, Fisher's exact test, Table 4 ). When the scenarios involving re-using the same cutting board were combined (1 and 4), the probability of re-contamination (72.2%) was higher than scenarios which used a new cutting board (scenarios 2 and 3) and where re-contamination was 11.1%. The difference between these proportions was found to be significant (x 2 = 11.4, df = 1, p < 0.01).
In scenario 4, (new knife, disinfected hands, and washed cutting board), the Salmonella concentration on cooked pork was the highest (mean CFU/g = 2.49, Table 3, Figure 4c ) followed by the Salmonella concentration on cooked pork in scenarios 1 and 3 (Figure 4a,b) . Scenario 4 also had the lowest reduction rate of Salmonella concentration on cooked pork (mean = 75.1%, Table 5, Figure 5c ). Scenario 3, which represented the risk of re-contamination through re-use of a knife, showed low probability of re-contamination (mean = 22.2%, Table 4 ), and a higher reduction rate of Salmonella concentration (mean = 98.9%, Table 5, Figure 5b ) compared with scenarios 1 and 4 (Figure 5a,c) . 
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Discussion
In this study, four different household food-handling behavior scenarios investigating Salmonella transmission were examined using cross-contamination experiments. The practices commonly used, supported by a field survey, were found to result in cross-contamination. In this experiment set, cross-contamination mainly occurred through use of same cutting board (scenarios 1 and 4). The practice of using the same utensil and/or cutting board to prepare both raw meats and other foods has been reported in the other countries: 25% to 83% of the respondents did this in the USA [21, 34] . Such unsafe practices may cause cross-contamination during home food preparation.
The vast majority of salmonellosis cases have been linked to ingesting living Salmonella [35, 36] . The results of this study suggest the significant contribution of cutting boards in the establishment of cross-contamination of S. enterica. The use of other utensils, knives and hands in home cooking processes are also known to play an important role in bacterial cross-contamination [37] . As such, washing of surfaces and equipment including cutting board and knives, and hands is reported to reduce bacterial contamination [38] . Use of detergent in washing kitchen equipment and hands also reduces transmission of diarrhea-causing pathogens [39] and is more effective than water alone [40] . However, the results of this study suggest that washing, even using dish detergent, has limited effect on elimination of Salmonella from the surfaces of kitchen equipment and hands (Scenario 1 and 4, 
The vast majority of salmonellosis cases have been linked to ingesting living Salmonella [35, 36] . The results of this study suggest the significant contribution of cutting boards in the establishment of cross-contamination of S. enterica. The use of other utensils, knives and hands in home cooking processes are also known to play an important role in bacterial cross-contamination [37] . As such, washing of surfaces and equipment including cutting board and knives, and hands is reported to reduce bacterial contamination [38] . Use of detergent in washing kitchen equipment and hands also reduces transmission of diarrhea-causing pathogens [39] and is more effective than water alone [40] . However, the results of this study suggest that washing, even using dish detergent, has limited effect on elimination of Salmonella from the surfaces of kitchen equipment and hands (Scenario 1 and 4, 33.3-66.7%, Table 4 ). We used the same dish detergent for all washing steps, and other types of detergent such as hypochlorite [41] or organic acid [42, 43] or hot water at 75 to 80 • C [43] , as well as frequent and careful washing [41] may further reduce the chance of transmission of not only Salmonella but also other diarrhea-causing pathogens. Further, this study demonstrated that use of separate equipment between raw and cooked pork should also be encouraged.
The use of an autoclaved dishcloth for drying hands and utensils in this study means levels of cross-contamination was likely lower than real world enactment of these scenarios. Several studies have shown that kitchen dishcloths are often contaminated with bacteria and these would be an additional means of cross-contamination [44] .
Remarkably, in the two worst case scenarios in this study, a higher Salmonella concentration than the initial inoculum was found after preparation, indicating microbial growth rather than reduction. An explanation for this may be that wooden cutting boards are known to absorb moisture which allows bacteria to adhere and multiply. Studies have shown that Salmonella can survive in deep cuts on wooden cutting boards [45, 46] and that wood is one of the most difficult surfaces to disinfect [41] . Although washing cutting boards was a common practice in the studied areas, this experiment showed that bacteria can remain and be a source of cross-contamination. This finding has been reported in previous studies [47, 48] . Therefore, future food safety intervention programs in Vietnam should focus on the risk of cross-contamination from cutting boards in home kitchens.
This study used a Bayesian approach, to present uncertainty and variability of Salmonella concentrations and reduction rates as probability distributions, using a limited number of samples. This information, together with the probability of cross-contamination in different hygiene procedures, is particularly useful in the exposure assessment step in risk assessment which usually lacks the data [20, 49] .
There are some limitations in this study. First, we took swabs from only 25 cm 2 of each side of the knife and cooking board, which may underestimate cross-contamination. Second, we assumed no growth of Salmonella during the experiments. As this experiment included time to dry hands and equipment, which is not a common practice between people preparing food, the bacterial concentration presented in this study may be under-estimated. Third, the pork was not washed before it was inoculated with Salmonella. However, cut pork sampling at the slaughterhouse took place aseptically, so it is unlikely that significant Salmonella contamination would have occurred prior to inoculation and have affect the results. Forth, the sample size was relatively small and future study to increase the sample size would reduce the uncertainties in distributions. Fifth, the nature of the food, type of surfaces and level of moisture were reported as important factors influencing on microbial transfer rates [50, 51] . Future studies may consider the conditions of time, temperature and surface type related to bacterial growth.
This study provided the first data on the possible occurrence and magnitude of crosscontamination which was used for quantitative risk assessment of Salmonella from household pork consumption in Vietnam [14] . The levels of cross-contamination in different scenarios will allow us to estimate potential risk-mitigating strategies. These findings may aid in promoting improvement in safer food handling practices in households, in addition to supporting risk communication and food safety education for consumers, and to minimize adverse health risk consequences [52, 53] . The findings may counter the common misperception that if pork is cooked well before consumption it does not present a risk. The presence of Salmonella in ready-to-eat or cooked food due to cross-contamination has been reported in several studies [53, 54] and the findings in our study can also be used for assessing the risks in these foods.
Conclusions
This study demonstrated that cross-contamination with Salmonella in household kitchens occurs when the same kitchen utensils (especially cutting boards) are used when preparing raw and cooked pork, even if they are washed between. This practice was common in households in Vietnam. On the contrary, no cross-contamination was observed when a different cutting board and knife was used for preparing raw and cooked pork, but this is rarely done in Vietnam. Radical changes in household cooking preparation may reduce the incidence of salmonellosis greatly in the country, and other parts of the world with similar settings. However, such changes may be difficult to promote, and risk reduction and adaptation of other options such as using difference types of cutting boards or different washing protocols should be examined.
